An electromagnet and a float are needed to be designed for a magnetic suspension system. In this paper an optimized design of an electromagnet is being carried out based on minimum flux leakage and maximum amount of force that can be imparted on the float. This paper also compares different designs to find out advantages and disadvantages of these designs. Design starts from a simple and naïve design of electromagnet and then gradually improved until a satisfactory design is obtained. Different shapes of floats were also considered for an optimum design of float. Electromagnetic analysis is carried with commercial FEM (Finite Element Method) software to calculate different parameters of design. Later the result from the FEM software is verified by analytical calculation.
INTRODUCTION
Suspension means flotation of any object. To suspend or float any object the net force acting on that object should be zero. Or, ∑ =0. In this world gravity is the only force which affects everything on the surface of the earth. If this gravity force is counteracted by electromagnetic force then the device by which the suspension is obtained is called electromagnetic suspension system. The objective of electromagnetic suspension system is to achieve floatation by counteracting gravity force by electromagnetic force.
There are several subsystems in an electromagnetic suspension system. The electromagnet subsystem, the control subsystem, the float subsystem etc. An electromagnet is a device which can create magnetic field from electrical energy. It has a magnetic core around which several turns of conducting wires are wound. The intensity of magnetic field of an electromagnet can be changed by changing the amount of electrical energy passing through the electromagnet or the number of turns of wire wound around core.
The amount of force generated mainly depends on the design of electromagnet. More turns around the core or more current through the coil increases the force field or flux density of electromagnet. But this increases initial and running cost. As more current means more electrical energy needed which increases running cost of the device. Too low strength of electromagnet will fail to create required force. So, an optimized design of electromagnet will require minimum electricity to run and it will do enough force to suspend the float. Magnetic flux line is a visual representation of magnetic field strength at any place under consideration. The more the magnetic field strength/magnetic flux density the more force is generated by electromagnet.
Of the four basic source of forces, electromagnetic force has become very useful. In any physical study force is the cause of any change. It has some different and useful properties than Newtonian force. Thus, this allows to overcome the problems of Newtonian force. One of the major limitations of material contact and friction can be easily overcome by using electromagnetic force. Electromagnetic suspension is very suitable for small scale experiments and applications. Magnetic suspension is now very good candidate for non-contact object manipulation, automated assembly process, material handling, pure material processing, measure viscosity, mixed waste separation process in recent time. Some optimization study is based on controller optimization for different systems [1, 2] . With the advancement and availability of computers FEM (Finite Element Methods) are used increasingly in designing electromagnetic suspension systems [3] [4] [5] [6] . Some magnetic optimization study has been carried out on maglev train electromagnet system. Research is ongoing to use magnetic suspension system in aeroplane landing system [7] . But none of the paper has given a comparative study of different designs of electromagnet for a simple magnetic suspension system [8] . This paper tries to give an optimized design of electromagnet for a future electromagnetic suspension system project.
The use of control systems in modern industry is overwhelming. To understand and use the classical control theory it is important to practically design and test different suitable controllers. A magnetic suspension system is decided to be the physical system to be controlled. A proper design of the physical system is necessary to long term sustainability and reliability of the system. For this reason, an optimized electromagnet is designed in this paper for long term economical use.
RESEARCH METHODOLOGY
In this research, a design of ideal or desired characteristics of electromagnetic suspension system is first selected. Then different design of electromagnet, frame, float is compared with desired characteristics by computer simulation. First a naive design of an electromagnetic suspension system is constructed. Then this naive design is gradually improved to optimize the design with desired system. Comparison among these designs are done in an analytic fashion. In this way the most suitable electromagnet, frame, float design is selected for a magnetic suspension system.
AN IDEAL ELECTROMAGNETIC SUSPENSION SYSTEM
The ideal design of maglev system should have: No flux leakage, less energy storage of material used. Float design is based on: More flux line cut by float. Core design is based on: Higher permittivity of material used, Ability to work at high frequency application, Design of Frame is based on higher permittivity of the material and minimum interaction between frame and float. Design of coil is based on: needed ampere-turns to create specified force, temperature rise of the wire.
Float: Spherical Ball, Frame: Wooden, Electromagnet: Cylindrical, Core: Soft iron.
The Dimension of the frame is given by: height: 160 mm, width: 40 mm, length: 80 mm and thickness of wood: 10 mm. To design the electromagnet theoretically the model was transformed to a magnetic circuit. Then some assumption was made to find out the ideal electromagnet.
The following assumptions were made: 1. The distance of the armature from the core is much smaller than the average linear dimension of the pole cross section of the electromagnet, 2. The magnetic field in the gap between the ball and the core is uniform. 3. There is no magnetic flux leakage.
To design the electromagnet firstly we need to determine the flow for a required magnetic induction. From this mathematical analysis, it is clear that without any flux leakage only 117-120 ampere-turns of magnetomotive force is enough to lift 3N weight of soft iron float.
FIRST (NAIVE) DESIGN OF ELECTROMAGNETIC SUSPENSION SYSTEM (ESS)
In this first electromagnetic suspension system, the analysis is done with a magnetomotive force of 1900 ampere-turns at one mm distance to simulate the force on the float. With the configuration given at figure 1.
Result of simulation study and discussion (First Model)
In this magnetic circuit, the circuit is not closed. It is practically a straight line. As a result, there is a huge magnetic flux loss. This loss happens because the energy storage of free space is maximum. A lot of flux lines leaks from the open circuit as seen in Figure 3 . Figure 3 it can be seen that for this type of electromagnet and wooden frame 1700 Ampere-turn will create 3N force at 1 mm separation distance from cylindrical core. The magnetic flux leakage can further be confirmed by the condition of B field vector in the region Figure 2 (c). Figure 4 represents the force vs gap distance data for cylindrical core, ball shaped float and wooden frame. From Figure 2 (a) and Figure 2 (c) it is obvious say that a large amount of power is lost in this arrangement. Thus due to high current flowing through the coil and the temperature of will be higher in this case. Also there may remain a possibility of saturation of core due to high current flow. These are some of the disadvantages which is not suitable to use when high amount of force is needed to be generated. The ampere-turn needed for this type of electromagnet if there is no flux leakage is calculated through theoretical analysis in previous section. and this result is compared with the simulated result to find out energy loss in this process.
The next portion of this discussion is continued with the focus of reduction of ampere-turns as much as possible. So, if this design can be improved to a design where the required ampere-turn is less then there are several advantages.
1. The current required in the coil will be less. So, the heat loss from coil will also reduce. 2. The operating cost will also be reduced. 3. The device will be able to operate longer period continuously.
DESIGN USING IRON FRAME
In practical scenario, there is a lot of flux leakage in model of Figure 1 . One of the main reasons of the flux leakage here is that the frame is wooden and its relative permittivity is almost equal to 1. So, it has virtually no helpful effect in creating a closed magnetic circuit. So, we changed our frame to an iron frame. With this change the magnetic field in iron became saturated. The saturation flux density of soft iron can be found in a B-H curve. And its value is 1.6 Tesla. So, to keep the magnetic flux density within 1.6T to ensure that no saturation occurs the magnetomotive force was reduced to 150 amp-turns. This in turn reduces the magnetic flux density. Other than this all of our design remains the same. In the above figure it can be seen that, a higher magnetic flux density is created in this frame. But the magnetic flux density around the float is negligible. And iron frame has trapped a significantly large amount of magnetic flux. For this reason, the force created on the float is negligible. And so, this design has been discarded. But problems of this design have been analyzed for further development purposes. Figure 6 : force generated on float in design with iron frame Figure 6 shows the amount of force generated vs air gap distance for iron frame magnetic suspension system.
Simulation result and discussion

Problem of iron frame
The iron frame is directly attached to electromagnet. So, the iron frame gets saturated quickly even at low magnetomotive force (Amp-turns). Since iron is a very good conductor of magnetic flux. The saturation property of iron is found in B-H curve. The saturation occurs at steel at about 1.5T. This is a constraint posed by material property of steel. It shows it is not possible to increase the magnetomotive force (Amp-turns) indefinitely to get more flux density.
There is another drawback. And that is there is a large possibility of attraction of float towards iron frame. Which exerts an additional force on the float when it levitates. The flux line simulation for this condition is given in Figure 10 . For these problems iron frame is not used in forthcoming designs. Neutral wooden frame has been preferred for these reasons. 
FURTHER IMPROVEMENT OF THE DESIGN BY CHANGING THE FLOAT SHAPE
Another improvement which can be done to increase the force on the float is by changing geometrical shape of float. From Figure 2 (a) it can be concluded that for spherical float the B field cut by the float is stronger towards the electromagnet, and weaker away from it. Since the spherical ball has same geometry all around. Since with the increase in y axis distance the strength of B field fluctuates rapidly than other two dimensions. For this reason, spherical shape is not the best shape to retrieve more force from the electromagnetic field. The simulation result shown in Figure 8 and Figure 9 shows the magnitude of B field along different point of x-y plane (Figure 9 ) varies. From Figure  9 it can be seen that B field is maximum in a circular shape region. So, the geometry of improved float should have circular cross-section. It should also have small thickness in y direction. The geometry of the modified float is given in Figure 10 . From the analysis, it seems that this shape should be able to pull greater weight for a given B field. In Figure 12 the curve for plate shape float with wooden frame is given. It can be seen, with this arrangement the weight lifted is much greater to that found in the first naive design. From the simulation it was also found that the amount of flux cut is much higher than spherical ball. 
FURTHER IMPROVEMENT BY CHANGING THE SHAPE OF ELECTROMAGNET, CORE AND FLOAT
Next parameter that was changed was the core shape of electromagnet. In this case a U shape electromagnet is used with a rectangular plate type float. A rectangular float has been selected because the maximum flux density is obtained at a rectangular shape just below the electromagnet (Similar analysis of section 5). The float is a rectangular plate of dimension 60mm X 40 mm with thickness of 2.5 mm. The dimensions of electromagnet are shown in the figure. The magnetomotive force used here is 500 amp-turns. With this arrangement the flux loss will be minimum. Since the path of magnetic flux is continuous. So, there is minimum flux leakage. It is confirmed from the magnetic flux curve. From this figure we can also show that this type of electromagnet can pull a much larger weight than other combinations. It is worthy of mention that for all cases stated above ampere-turns of coil were kept constant. This is possible when flux leakage is minimized and the core has less energy storage.
Result of simulation study (U shape core)
As a consequence of this improvement, (1) highest amount of mass can be lifted with this arrangement (Figure 16 ) (2) Here flux leakage is least compared to other designs (Figure 14 ). (4) Also, there is no magnetic detrimental interaction between electromagnet and the frame since frame is wooden i.e. non-magnetic.
So, all the problems are solved in this design. This design is the closest to the desired ideal electromagnetic suspension system. About 3 kg mass can be lifted by this arrangement at 1mm air gap. For these reasons this design has been used in many designs to create high strength electromagnet. This also confirms the high strength of horseshoe electromagnet. Force generated in Newton
SUMMARY OF THE ANALYSIS FOR DIFFERENT MODELS
Gap distance in mm
Force generated vs Gap distance chart for U core electromagnet
For the relative advantages of model 4 this model is desired optimized design of electromagnet.
CONCLUSION
In this work an electromagnetic analysis is carried out for finding out an optimized model for the non -contact manipulation of magnetic materials. This paper illustrated various probable models for this purpose and the analytical results. The selection of the electromagnetic arrangement is done based on this analysis. Further experimental investigation will be carried out by using these considerations.
